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Wear occurs in natural knee joints and plays a pivotal factor in causing articular cartilage degradation in osteoarthritis (OA) processes. Wear
particles are produced in the wear process and get involved in inﬂammation of human knees. This review presents progresses in the mechanical
and surface morphological studies of articular cartilages, wear particles analysis techniques for wear studies and investigations of human knee
synovial ﬂuid in wear of human knees. Future work is also included for further understanding of OA symptoms and their relations which may
shed light on OA causes.
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The knee is composed of the tibiofemoral joint and the
patellofemoral joint. Each joint has cartilage, subchondral bone
and soft tissues at and around junctions. Cartilage, a wear
bearing material, covers the end of bones in the knee joint. The
synovial ﬂuid, contained by the ﬁbrous membrane which is
around the margins of the articular surfaces and the superior
and inferior outer of the menisci, lubricates the articulations.
The synovial membrane provides low friction in the movement
of the joint. The knee joint sustains wear, functioning like a
hinge, and can be ﬂexed and extended when transporting loads
from femur to tibia in the human normal walking process.
Being the largest and most complex synovial joint in the
human body [1,2], it can absorb vertical force of nearly seven
times’ body weight. However, it is vulnerable to horizontal
blows, especially lateral blows to the extended knee, which are
the most dangerous to the joint [3].
Wear occurs to the articular cartilage surfaces in normal
motions of the knee. Wear particles produced from articula-
tions are released into the synovial ﬂuid and may be involved
in the biological activities in the knee [4]. Articular cartilage
has a limited repair capability. If the regeneration cannot keep
pace with the degradation of the matrix due to reasons such as
aging, osteoarthritis (OA) will occur. Other common damages
to the knee are injury to soft tissue at and around the knee
joint, tears of the anterior and posterior cruciate ligaments,
menisci tears and trauma to the collateral ligaments [1].
OA in the human knee, a disease of the organ–synovial joint
[5] and one of the most common forms of arthritis involving
ligaments, periarticular muscle, nerve, bone, meniscus and
articular cartilage [6] is a wear-related disease affecting the
elderly worldwide and also becoming increasingly common
among young people. It is inﬂuenced by many factors [7–9]
including aging, gender, genetics, obesity, occupational factors
and sports participation, and nutritional factors, etc. The disease
is often characterized by the degradation and loss of articular
cartilage, subchondral bone remodeling and inﬂammation of the
synovial membrane. Among these symptoms, the degeneration
of articular cartilage is often used for OA diagnosis.
The Outerbridge scale [10] and Kellgren–Lawrence grading
scale [11] are two systems often used to classify OA severity.
In the Outerbridge scale, grade 0 represents normal cartilage;
grade 1 describes articular cartilage with softening and super-
ﬁcial lesions; grade 2 refers to partial thickness defects with
ﬁssures down to 50% of the cartilage depth; grade 3 describes
severe damage with ﬁssuring reaching the subchondral bone,
and grade 4 refers to fully exposed subchondral bone with
no signiﬁcant articular cartilage left. The Kellgren–Lawrence
system grades OA based on information from X-rays suchas the joint space narrowing, osteophytes, and sclerosis.
In addition to X-ray [12], magnetic resonance imaging
(MRI) [13], radiographic measurement [14,15] and arthro-
scopy [16,17] are often used for OA diagnosis and assessment.
More details of these techniques will be provided in the next
section.
As described above, the OA process involves the damage to
the articular cartilage, the subchondral bone and the synovium,
and is associated with activating the inﬂammatory response of
the human knee [18]. Mechanical wear is a pivotal factor in
causing cartilage degeneration of OA [19,20], in which wear
particles are generated. Wear particles can trigger inﬂammation
of human knee [19]. Investigations to the wear of the articular
cartilage, its by-products and inﬂammation of human knee
caused by wear debris will provide further insights to the wear
process. This review discusses existing studies on wear of
articular cartilages, wear particles analysis techniques for wear
studies in human knee joints and studies of human knee
synovial ﬂuid for OA assessment in the following sections.2. Existing studies on wear of articular cartilage and OA
diagnosis
Articular cartilage covers the ends of bones in the knee joint,
supports and distributes loads and pressure over the surface of
a joint. It can absorb shock during the movement of the joint.
Articular cartilage is a wear-bearing tissue that can withstand
2.5–5 times body weight with little friction and wear during
normal walking [21]. In general, articular cartilage at the
femoral condyles and tibial plateau is 1–3 mm thick [19].
Physiologically, cartilage does not have blood supply, lym-
phatic channels, and nerve innervation [22]. Its cellular density
is less than any that of other tissues. Its unique composition,
structure, and material properties enable articular cartilage to
bear and distribute very high loads at the knee with an
extraordinarily low wear rate and friction coefﬁcient.2.1. Composition and structure of articular cartilages
Water is the most abundant component of articular cartilage
[22], which is mostly concentrated near the articular cartilage
surface (80%), and decreases in an almost linear fashion
with the increments of depth to an approximate concentration
of 65% at the deep zone. Many free mobile cations (e.g., Naþ ,
Kþ and Caþ ) are present in the ﬂuid and greatly contribute to
the mechanical and physicochemical behavior of cartilage.
Approximately 70% of water may be moved when the tissue is
loaded in compression. This interstitial ﬂuid movement is
important in cartilage functions such as transporting transient
loads, dissipating energy and lubrication of the cartilage. Water
Table 1
Risk factors inﬂuencing OA.
Risk factor Relation to OA
Aging Aging and development of OA are closely related [35].
Gender Women over 50 years old have a much higher risk suffering OA than men [8,9].
Genetics Genetic factors contribute to the pathogenesis of knee OA from 39% to 65% [7].
Obesity Obesity antedates the progression and increases the risk of OA [7].
Occupational factors and sports
participation
Athletic and occupational activities involving excessive activity or normal activity acting on a vulnerable joint, and thus the
joint is very susceptible to OA [9].
Muscle weakness May increase the risk of OA progression [7,9].
Acute joint injury and joint
deformity
Cumulative articular cartilage stress over a certain threshold could result in joint degeneration [7].
Local joint vulnerabilities Permanent damage by major injury to a joint or injury close to fractures of a bone on a joint, cause the incipient lesions of OA
[9].
Hormonal status Estrogen may have a protective effect on OA [7].
Bone density High bone mineral density leads to a higher risk of OA, but bone loss causes a progression of the disease.
Nutritional factors High dietary intake of micronutrients could protect against OA [7].
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moving back and forth between the chondrocytes and the
surrounding nutrient-rich synovial ﬂuid.
Chondrocytes and extracellular matrix are important com-
ponents of cartilage [21,23]. Chondrocytes are sparsely dis-
tributed in the extracellular matrix, and make up approximately
10% or less of its volume [19,22,23]. Chondrocytes are
responsible for the synthesis of the matrix, and the matrix
maintains the environment of the chondrocytes. The collagen
network and embedded proteoglycans are the main compo-
nents of the extracellular matrix. The extracellular matrix
determines important properties of cartilage, such as stiffness,
durability, and distribution of load.
Collagen contributes to approximately 20% of the wet
weight of cartilage. The collagen ﬁbers usually have an
average diameter of 25–40 nm [22] and in human up to
150 nm. Type II collagen is the primary collagen in cartilage,
and constitutes of 90–95% of the total [24]. Other types of
collagen such as types V, VI, IX, XI, only account for a minor
amount and may relate to the formation and stability of type II
collagen. Collagen ﬁbrils are strong in tension but weak
in compression because their large slender ratio, the ratio
of length to thickness, makes them easy to buckle under
compressive load. The arrangement, density and interactions of
collagen–PG are inhomogeneous in articular cartilage and
contribute to the tensile anisotropy of articular cartilage,
meaning that its material properties relate to the direction of
loading.
Proteoglycans form the major macromolecule of cartilage
ground substance and account for 10–15% of the wet weight
[25]. Proteoglycans can interact with tissue ﬂuid. Therefore,
they can give cartilage stiffness to compression and resilience
and contribute to its durability as a joint surface. The
negatively charged glycosaminoglycan chains can attract
positive ions. Compression may drive the glycosaminoglycan
chains closer together, increasing their resistance against
further compression and forcing more ﬂuid out of the
molecular domain. Release of the pressure allows the mole-
cules to expand again. Fully expanded proteoglycans in thecartilage matrix can occupy many times greater volumes than
the volume of the tissue that contains them. Therefore,
proteoglycans in the matrix must be partially hydrated and
produce a constant pressure to expand, restrained by the
collagen ﬁbril meshwork. Thus, once the collagen network is
disrupted, the matrix swells as proteoglycans expand, increas-
ing the concentration of water and decreasing the proteoglycan
concentration.
The structure of the articular cartilage extracellular matrix is
inhomogeneous and can be divided into four layers along the
direction from the superﬁcial surface to the subchondral bone
[26]. The gliding surface of a normal joint is the superﬁcial
tangential zone. The superﬁcial tangential zone accounts for
10% of the whole thickness of articular cartilage. Beneath the
most superﬁcial layer, the ﬁbers are tangential to the surface
and the chondrocytes are discoidal with the long axis of the
cells parallel to the surface. Proteoglycans associated with
collagen in this zone resist extraction more than those in other
zones, suggesting a stronger association between collagen and
proteoglycans in this zone. It is possible that a stronger
association of the matrix macromolecules helps the superﬁcial
zone matrix to resist the shearing stresses in joint motion. The
middle zone forms 40–60% of the cartilage volume. The cells
are more spheroidal than those in the superﬁcial tangential
zone. Collagen ﬁbers in this zone are larger than those of the
superﬁcial zone. The deep zone comprises 30% of the cartilage
volume. A tighter meshwork with the ﬁbers is radial to the
articular cartilage and the cells are spheroidal and contain 4–8
cells in the columnar. The collagen ﬁbers are the largest and
the proteoglycans are the most abundant and the water content
is the lowest in the deep zone. The calciﬁed cartilage zone
separates cartilage and subchondral bone. The calciﬁed zone is
heavily impregnated with crystals of the calcium salts and
there are few cells in this zone. Beneath the cartilage,
subchondrodral bone connects the cartilage and bone.
Differences in the matrix composition and structure among
the zones summarized above may determine their differences
in mechanical function. The superﬁcial zone is primarily
responsible for resisting shearing load. The middle zone may
M.L. Wang, Z.X. Peng / Biosurface and Biotribology 1 (2015) 98–112 101allow the change of the orientation of collagen ﬁbers from
being parallel to the cartilage surface to being vertical in the
deep zone. The deep zone may resist compression load. The
zone of calciﬁed cartilage would then provide a transition in
material properties between hyaline cartilage and bone, and
anchor the hyaline cartilage to the bone [27].
2.2. Wear of articular cartilage and OA
2.2.1. Wear of articular cartilage
In knee joints, cyclical variation of the total joint load in
most physiological activities leads to repetitive stressing of
cartilage [22]. During rotation and sliding, a particular region
of articular cartilage surface suffers stressing repetitively. In
that speciﬁc area, repeated joint movement and stressing result
in repetitive stressing of the solid matrix and repeated
exudation and imbibition of the tissue’s interstitial ﬂuid. These
processes increase the possibility of the disruption of the
collagen–PG and of PG “washing out”. Repeated collagen–PG
stressing disturbs the collagen ﬁbers, the PG macromolecules,
and/or the interface between the two components.
One typical defect is splitting of the cartilage surface.
Fibrillation often shows splitting lesions through vertical
sections of cartilage. These splits eventually develop and
extend to the full depth of the articular cartilage. Erosion of
articular cartilage layer is another common defect.
Once the collagen–PG matrix of the cartilage is disturbed,
damage from any of the three mechanisms may occur [22]: (1)
further disruption of the collagen matrix due to repeated
stressing; (2) an increase in PG washing out resulting from
the violent movement of interstitial ﬂuid and impairment of
articular cartilage’s interstitial ﬂuid load support capability;
and (3) gross change of the load carriage mechanism in the
cartilage and an increase in frictional shear loading on the
articular cartilage surface. All these processes accelerate the
rate of interfacial and fatigue wear of the already damaged
cartilage microstructure.
The tribological response of the natural medial compart-
mental bovine knee was investigated in the wear of the
opposing femoral cartilage [28]. Strong correlation was shown
between stress and wear and between friction shear stress and
wear. A tribological simulation of the medial compartmental
bovine knee was carried out to study the friction and wear with
and without meniscus [29]. The results revealed that increased
contact stress and frictional coefﬁcient upon removal of the
meniscus caused immediate surface ﬁbrillation, biomechanical
wear and permanent deformation of cartilage.
2.2.2. OA causes, symptoms and existing diagnosis techniques
OA process involves mechanical, biological, biochemical,
molecular and enzymatic feedback loops [7,13]. OA is widely
thought to be induced by mechanical factors [7,12,30]. OA can
also be understood as the degeneration and loss of some
macromolecules due to direct and indirect factors (Table 1) at
the molecular level [5].
Patients felt pain, constrained physical activities (e.g.,
bending down), while some patients felt pain or discomfortwith movement. Patients suffering severe OA feel stiffness and
pain in movement, low mobility and knee lock. It has been
found that the pain does not originate from cartilage because
there are no pain receptors in cartilage. Pain is suspected to be
stimulated by the A delta mechanoreceptors and the C
polymodal nerve endings in the synovium and surrounding
tissues [31].
The symptoms of OA often include a decrease in joint
space, eburnation (joint sclerosis), osteophytosis (small bony
outgrowth), and bony cyst formation. In severe degeneration,
misalignment of the knee joint may also be observed. At this
time, the joint’s movements become severely limited, often
causing great pain to the patients. Wear of articular cartilage is
an important symptom of OA [32] and the severity of wear is
often used for OA assessment.
The techniques often used to diagnose knee OA are X-ray,
MRI and arthroscopy. X-ray is a frequently used method for
diagnosing osteoarthritic changes in knee joints [12]. Radio-
graphic measurement can detect changes in joint space [14,15].
However, radiographic measurement is insensitive to early OA
[33,34]. MRI quantitatively assesses intra-individual cartilage
volume/thickness changes over time in healthy joints and
joints with OA [13], but the process is expensive and time-
consuming [33].
MRI does not provide information on the changes in the
mechanical properties of knee joints [33]. Arthroscopy is
another commonly used method to diagnosis and treatment
of knee OA [16]. A video camera on the arthroscope provides
direct information about the condition of the joint. However, it
is invasive due to the nature of the surgical procedure of
arthroscopy [16,17]. Specialist and anesthetic services are
needed in the arthroscopy procedure. More recently, a
mechanical measurement has also been explored, but not
applied broadly due to its high cost and lengthy process
[33]. Spectrocolorimetric evaluation correlates cartilage degen-
eration to OA but requires further development to be employed
as a tool for diagnosis [36].2.2.3. Changes in composition and structure of articular
cartilage in OA process
Cartilage exhibits a balance between the anabolic and
catabolic processes. In OA, the balance gets disturbed resulting
in the destruction and loss of cartilage. As OA progresses,
proteoglycan starts to deplete, followed by degradation of
collagen II, which results in mechanical failure and ultimately
complete erosion of the articular cartilage [10]. The full
thickness of cartilage and the underlying bone are affected,
contributing to all aspects of the disease process. The
hypothesized mechanisms of the damage to the collagen
network and subsequent matrix loosening can be explained
from their biomechanical and biochemical origin. Excessive
mechanical stresses cause collagen ﬁbril disruption. The
disruption of the collagen–proteoglycan interaction sites con-
tributes to the degradation. The changes in the molecular
structure and disaggregation of proteoglycans are responsible
for the degeneration.
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cartilage are important symptoms of the disease [8]. The
morphology and metabolic structure of chondrocytes, as well
as biochemical properties and structure in the extracellular
matrix macromolecules [13] are altered due to OA. Cartilage
fragments produced from the articulating process in knee joint
are released to the synovial ﬂuid or other body ﬂuid [37]. The
fragments in the synovial ﬂuid contain some information about
the degenerative changes of articular cartilage [4].
Changes in the morphology and biomechanical properties of
articular cartilage occurred in OA process, and these changes
can assist in detecting cartilage degeneration. When cartilage
degenerates, damage to the surface becomes more evident with
OA progression [38]. This form of cartilage degeneration has
been quantitatively characterized [39]. In addition, cartilage
usually softens and ﬁbrillates with degeneration [2]. The
change in stiffness of cartilage can also be observed at both
the millimeter [40] and nanometer scales [10].
2.3. Biomechanical properties of articular cartilage
Earlier mechanical property investigations on cartilage were
carried out at macro- or micro-length scales in compressive,
tensile and indentation testing. Existing compression and
indentation tests often used large loads (e.g., 1.8–11.8 N [41],
and 10 N [42]) to study the mechanical properties of articular
cartilage. In these measurements above, relatively large tips
were used with radii of millimeter dimensions (e.g., 0.4 mm
[43], 0.5 mm [44] and 1 mm [40]). These approaches using
millimeter tips resulted in deformations in the order of hundreds
of micrometers (e.g., 40–190 mm [45], 300 mm [42]). At these
scales, the average mechanical properties of the tissue over a
large volume, i.e., over several mm3 of material were measured.
Therefore, local variations in cartilage properties may not be
detected using the clinical indentation testing procedures. For
example, there was no signiﬁcant difference between the normal
and osteoarthritic cartilages reported in [46].
The unconﬁned compression test revealed that the mean
Young’s moduli for healthy bovine humeral, patellar and
femoral cartilages were 0.8070.33 MPa, 0.5770.17 MPa
and 0.3170.18 MPa [47], respectively. An average value of
Young’s modulus of healthy human patella cartilage samples
was reported to be 0.6470.30 MPa, measured using uncon-
ﬁned compression testing [40]. This study also reported that
early degenerated cartilages had a mean modulus value of
0.7070.62 MPa and the mean modulus of advanced degen-
erated cartilages was reduced to be 0.2170.26 MPa.
In the past 10 years, studies on the nano-mechanical
properties of cartilages have been carried out based on the
recent ﬁnding that the pathological changes of the cartilage
degeneration start at a nano-scale [10]. A nanometre-sized
atomic force microscope (AFM) tip, which is smaller than the
diameter of a collagen ﬁber, can sense the local variations in
stiffness of the three-dimensional organization of collagen
ﬁbers and proteoglycans. Young’s modulus of the ﬁbrocarti-
lage from the articular condyle of rabbit jaw joints [48] and
Young’s modulus of the rabbit proximal radius condylecartilage using a tip with a radius of 20 nm [49] were
measured. Peng’s group at the University of New South
Wales, Australia, investigated Young’s modulus of unworn
and worn articular cartilage extracted from rear sheep leg at
indentation depth within a range of several hundred nan-
ometers [50]. After subjected to a series of separated wear
tests, the effective indentation modulus of articular cartilage
showed a softening trend in the initial wear phase and then a
stiffening trend in the late wear phase measured by AFM
operated in a ﬂuid mode to indent cartilage. Sneddon model
was used to ﬁt the force–distance curve. The results indicated
that the cartilage may have a relatively stiffer top layer
compared to the inner surfaces.
Very limited work has been done on human cartilage at a
nanometer scale. Stolz et al. are one of the few researchers and
pioneers in using AFM to investigate the mechanical properties
of human cartilage surface due to OA [10]. In that work, an
applied load of 3 μN was used resulting in an indentation
depth of 2 μm. A decreasing trend of the nano-stiffness was
observed from healthy cartilages to OA grade 3 cartilages.
Wen et al. [51] studied the elastic modulus of collagen ﬁbrils
of healthy and diseased (OA grades 1–3) cartilages and found
that the individual collagen ﬁbril of an OA cartilage was much
stiffer than that of the healthy ones with an intact collagen
structure. Peng’s group used AFM to measure Young’s
modulus of human knee cartilages with different OA grades,
and found that Young’s modulus measured at indentation
depths (300 nm and 1000 nm) increased from the healthy
cartilage to the mildly worn cartilage and decreased in the
severe condition [52]. The results indicated that as OA
progressed, the cartilage surface stiffened at an early stage of
OA and became softer with advanced OA. Accompanied to the
changes occurred to the effective indentation modulus, the
nano-structure of the cartilage surface altered as well evi-
denced by the AFM images.
Existing works report that several issues need to be
considered in tissue indentation testing [53]. Firstly, the initial
contact point of the tip-sample in indentation testing is difﬁcult
to detect for soft tissues. The problem can be solved by
calculating the area under the load–displacement curves that
correspond to the work done by the cantilever. Secondly,
quantitative estimation of the mechanical properties based on
statistical analysis of many repeated measurements is needed
because the biological tissues are highly anisotropic and
inhomogeneous. Thirdly, the nanometer scale properties of
cartilage can be different from properties at the millimeter or
micrometer scales.
2.4. Surface morphological properties of articular cartilage
and their changes in the OA process
The surface morphology of articular cartilages plays an
important role in joint lubrication and wear-bearing properties.
Existing studies on this topic can be grouped according to
objects (animal vs. human samples), techniques for examining
and imaging surface morphologies and/or characterization
scales (millimeter, micron and nanometer). The following
Fig. 1. AFM images of wear particles found in knee synovial ﬂuid samples collected from severe osteoarthritic patients (OA grades 3 and 4). (a) An irregular
shaped wear particle; (b) a square wear particle with a smooth surface; (c) an irregular and rough particle; and (d) rough particles.
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animal samples followed by human specimens. Different
techniques and their resolutions are included in the following
sections.
Cartilage surface alterations of animal samples were inves-
tigated at a micrometer scale using high frequency ultrasound
[54], optical proﬁlometry [55], scanning white light interfero-
metry [56], and laser scanning confocal microscopy (LSCM)
[57,58]. Graindorge et al. found that changes occurred in the
surface morphology of the articular cartilage of sheep leg
during wear [38]. Peng’s group compared the surface morphol-
ogies of unworn and worn articular cartilage from sheep rear
legs at both micro- [58] and nanometer scales [59]. Different to
previous studies, numerical parameters, including the ﬁeld and
feature parameters deﬁned in ISO/FDIS 25178-2 [60], wereutilized to describe the surface topographies and their changes
with the wear process. Field parameters provide information
about height amplitude, spacing frequency or hybrid geometric
information of a surface using a statistical analysis of a cloud
of points [61]. Feature parameters can reveal functional related
properties of surfaces.
Micro-scale study revealed that selected ﬁeld parameters can
reveal the wear trait of cartilage surface in the wear process,
while selected feature parameters can describe the relations
between surface features and wear properties of cartilage
surface [58]. The characterization of the surface topographies
of the unworn and worn sheep cartilages was conducted at a
nanometer scale [59]. Different to the micro-scale studies, the
nano-surface topographies were obtained using AFM. The
results showed that selected parameters revealed the changes in
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the nano-scale characteristics of cartilages altered with the
evolution of the wear process. The innovation of this study
was that feature parameters were applied to reveal functional
related properties of cartilage surfaces at a nanometer scale.
In parallel to the mechanical and surface topographical
studies on unworn and worn animal (sheep) cartilages, Peng’s
group carried out immunohistochemical analysis of structural
changes in collagen of articular cartilage for better under-
standing of wear progression [62]. The collagen networks of
cartilage were gradually disturbed with wear progression
observed from micrographs showing stained cartilage collagen
networks. The alterations in the collagen structure may cause
the changes in the mechanical property and surface morphol-
ogy of cartilages in the wear process.
In addition to studies using animal models, wear of human
cartilage surfaces was observed using MRI [63–69], arthro-
scopy [70,71] and polarized light microscopy [72–74]. MRI is
widely used to examine cartilage thickness. The above
examinations to cartilage surface changes were carried out at
a millimeter scale. These studies also reveal that obvious
changes to the cartilage surface have already occurred in
osteoarthric cartilages when measured at the millimeter scale.
To study pathological changes in cartilage at the nanometer
scale, scanning electron microscopy (SEM) and AFM are the
two commonly used techniques. Standard SEM requires
dehydration of the specimens together with its incapability of
acquiring mechanical data and its difﬁculties to obtain quanti-
tative 3D surface data [75]. AFM was used for cartilage studies
[76–78]. The majority of the existing work on AFM was nano-
mechanical property studies.
Limited work was carried out on the surface morphologies of
human cartilages and most of them were qualitative or using
surface roughness parameter (Ra) [63,79]. Reported surface rough-
ness data of healthy and osteoarthritic cartilage surfaces exhibited
differences in these studies. For instance, the measurements
showed that the mean surface roughness values of smooth,
intermediate, and rough cartilage samples were 7.973.3,
29.177.8 and 49.1 μm, respectively, when using high frequency
ultrasound [54], while using scanning white light interferometry,
the average surface roughness values of human cartilage samples in
OA grades 0, 1 and 2 were 0.8070.3, 1.070.3 and
1.7070.9 μm, respectively [56]. Surface roughness was reported
to be 30 μm for a healthy condyle with a smooth surface [55]. It
can be concluded that different measurement techniques and
sample preparation methods can lead to a large variation in the
surface roughness measurement results. Up to date, very limited
surface parameters have been used to describe the cartilage surface
and its change in OA. The surface roughness Ra is the most
commonly used parameter. As we know the limitation of this
descriptor, there is a possibility that pathological changes in the
cartilage cannot be fully revealed by Ra. Thus, further development
needs to be advanced in order to characterize the nano-scale
changes in the surface topographies for OA understanding and
early diagnosis.
To address the limitation of using one parameter to describe
surface changes in the OA process, work [80] developed atechnique for numerically characterizing the surface topogra-
phies of human cartilages and their changes at both a micron
and submicron scale. High-quality three-dimensional images
of human cartilage surfaces were obtained in a hydrated
condition using laser scanning microscopy and AFM. Using
the numerical data extracted from improved image quality and
quantity, it can be seen that OA evolution can be identiﬁed by
speciﬁc surface features at a micrometer scale, which are
amplitude and functional property related. At the submicron
scale, the spatial features of the surfaces could distinguish the
early OA grade from advanced OA ones. The established
techniques in [80,81] could allow quantitative investigations of
distinctive alterations in human cartilage surface and better
understanding of wear changes in human knees.
2.5. Summary
From the above review, it can be drawn that the unique
composition and structure of articular cartilage makes it an
almost frictionless wear-bearing material. Once an articular
cartilage subjects to OA, proteoglycans starts to deplete,
followed by the degeneration of collagen and ﬁnally causing
the mechanical failure of the articular cartilage and the
underlying bone.
Nowadays, it is realized that the degradation of knee joint in
OA starts at the nanometer scale, but the investigations to the
biomechanical properties and surface morphologies of articular
cartilage due to OA were carried out from macro, then micro-
and down to nanometer scales. Correspondingly, the studied
mechanical properties also reﬂect the overall structure of the
articular cartilage to the ﬁne nanometer scale structure. The
sharp AFM tip depicts the elastic properties of the ﬁne
structure of the cartilage, whereas micrometer and larger-
scale tests measure its overall structural stiffness. The nano-
scaled stiffness is different compared to the overall structural
stiffness due to the ﬁne nanometer scale structure.
The mechanical properties of articular cartilage can vary
signiﬁcantly when measured in different conditions, including
the sample hydration status, indentation depth, tip shape and
size, loading rate and magnitude. Most of the current studies in
characterizing the mechanical properties of articular cartilage
focused on measuring the mechanical property. Future studies
should put more efforts in the interpretation in observed
changes in the mechanical properties of diseased articular
cartilages. One of main challenges is that human samples are
limited and often difﬁcult to obtain. Also, the measured
mechanical properties can be different from individuals to
individuals, evidenced by the fact that different changes in
measuring stiffness of human cartilage in OA process were
observed when examining in similar conditions.
The investigations of the surface morphologies of human
cartilages were performed from micrometer, then micrometer
to nanometer scales, evolving from two-dimension to three-
dimension using different imaging techniques. The character-
ization of the surface morphologies evolves from being
qualitative to quantitative. The current studies showed that
micro-scale quantitative studies performed on three-dimension
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and functional properties of cartilage surface for OA assess-
ment. Future studies may further develop effective and
objective diagnostic techniques at the micrometer scale.
3. Wear particle analysis techniques for wear studies of
human knee joints
Wear particles, as shown in Fig. 1, found in human knee
joints are by-products of cartilage in the wear process. Wear
particles carry rich information on knee joint conditions and
wear mechanism of human knee. Biological wear particles
may participate in the pathogenesis of degenerative arthritis
[4]. Wear particles could be phagocytosed and participate in
producing and activating of lysosomal enzymes. Wear particles
may also play an important role in inducing other cellular or
humoralinﬂammatory responses. Investigation to feature of
wear particles assists understanding wear in the human knee.
3.1. Preparation techniques of biological wear particles
The ﬁrst step in analyzing wear particles found in the human
knee is isolating them from the synovial ﬂuid. Ferrography,
bio-ferrography and ﬁltergram are three commonly used
methods to prepare wear particles. The validity of these
preparation methods to prepare human wear particles is
discussed below.
Ferrograhy is used to prepare wear particles found in human
and sheep knee joints [4,38,82]. Initially, ferrography is an
industrial approach which is used to separate ferrous debris
from the lubricant. The main principle of ferrography is based
on the magnetic precipitation of particles from suspension. The
largest particles and particles with high magnetic susceptibility
are deposited at ﬁrst on the substrate and graded according to
the size along the length of the ﬂow path [83]. Particles need to
have a positive volumetric magnetic susceptibility of the order
of 50 106 or more to be deposited in ferrography. This
approach was applied to prepare wear particles found in
synovial ﬂuid to study wear in human knee joints [4,83–88].
Wear particles found in human knee joints do not have positive
magnetic susceptibility. Wear particles need to be magnetized
using erbium chloride [89], which might change particle
properties, especially their mechanical properties. Moreover,
particle overlapping is often a major problem associated with
this method, making it difﬁcult to examine individual particles.
Bio-ferrography is a modiﬁcation of ferrography which
allows magnetic isolation of target cells and tissues [90,91].
It allows any ﬂuid sample, including whole blood, to be
analyzed. Bio-ferrography was applied to separate wear
particles in human knee joints [90,91]. However, bio-
ferrography may experience similar problems with ferrogra-
phy. In particular, the magnetization process (e.g., magnetized
with ErCl3 [90]) may denature of the wear particles, especially
altering the biomechanical properties of wear particles.
Filtergram is a technique in which a ﬁlter membrane is used
to separate and collect wear particles from synovial ﬂuid.
Investigations of the size and shape of individual wearparticles are allowed as the particle overlapping problem in
the ferrography can be signiﬁcantly minimized or eliminated. It
has been applied to investigate metallic wear particles [92] and
ultrahigh molecular weight polyethylene wear particles found
in knee prosthesis [93], as well as to wear particles found in
sheep knee synovial ﬂuid [39,94]. Caution is needed when
applying this technique because the ﬁlter membrane may be
ruptured due to a large applied force. Or the membrane may
become blocked by wear particles.
Immobilizing wear particles onto a substrate to prevent
movement during AFM investigation was used to be a
technical challenge in preparing wear particles. In speciﬁc,
the challenges for wear particle mechanical analysis are: (1) to
develop particle separation techniques for individual particle
measurement at the nanometer level, and (2) to generate a
robust method for the immobilization of particles to avoid
dislocating the particles. A breakthrough in preparing human
wear particles was made for AFM measurement [89]. In their
study, a preparation technique to securely deposit and adhere
human wear particles to a ﬂat and smooth substrate for AFM
analyses has been developed.
3.2. Image acquisition techniques of biological wear particles
The image acquisition techniques to obtain shapes and
morphologies of biological wear particles are reviewed below.
The shapes and morphologies of human wear particles may be
potentially obtained using commonly used image acquisition
techniques such as electron microscopes and LSCM.
Available electron microscopes, such as SEM and environ-
mental scanning electron microscopy (ESEM), are used for
investigations of wear particles. For example, SEM was used
to obtain surface shape information of human wear particles
[82]. To be imaged by SEM, wear particles need to be coated,
which may alter their surface topography. The mechanical
properties cannot be measured by SEM. Dehydration is
another issue using SEM. ESEM has been used to capture
the shape of wear particles and the surface morphology of
articular cartilage from sheep knee in a hydrated environment
[38]. However, these techniques provide surface morphology
information in two dimensions rather than appropriate surface
topography in three dimensions for quantitative analysis.
LSCM can capture surface topography in three dimensions.
LSCM is able to capture the boundary and surface information
of the wear particles at a micrometer scale. LSCM was used to
acquire the 3D surface information of sheep wear particles
[94].
AFM can acquire 3D data of biological materials with
resolution at a nanometer in a hydrated status. AFM imaged
subnucleosomal particles [95] and hepatitis B virus [96]. Using
the preparing technique reported in [97], AFM was ﬁrstly
applied to human wear particles. The 3D surface topographies
and nano-mechanical properties of hydrated human wear
particles were investigated. The maximum vertical range of
AFM is within 4–6 mm, which is smaller than average size of
particles [98]. For this reason, AFM may be limited in
investigating the boundaries of thick human wear particles.
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particles
Important features of wear particles such as their size, shape
and surface topography may be obtained from the imaging
techniques discussed above. Numerical characterization of
these features allows analysis of whether the surface morpho-
logical information of wear particles directly correlates to knee
joint conditions.
The size of wear particles can be characterized using the
minor axis length and major axis length, contact area and
perimeter [99]. The shape of wear particles can be described
using elongation roundness, compactness, integrated density
per contact area, boundary fractal dimension, convexity and
shape factor [84,99]. These numerical parameters can describe
the size- and shape-related properties of human wear particles.
Surface topography is a critical factor and an important
functionality indicator in the performance of a system [100].
Surface topographical properties can be characterized by two
sets of parameters, namely, ﬁeld and feature parameters, which
allow a numerical description of a surface topography. A ﬁeld
parameter is deﬁned from the continuous sub-set of points
from the scale limited surface [60]. A feature parameter is
deﬁned from a subset of predeﬁned topographic features from
the scale limited surface [60]. These numerical parameters
were applied to characterize the matt ﬁnish femoral stem
surfaces [61], surfaces of hard on hard bearings in prosthetic
hip joints, cartilage surface [58], and wear particles found in
sheep knee joint [94]. The surface topography of human wear
particles may be described using the ﬁeld and feature
parameters deﬁned in ISO 25178-2.
Field parameters include height, spatial, hybrid, miscella-
neous, functions, and related parameters [60]. Height-related
parameters give information about the statistical average
properties, the shape of the height distribution histogram.
Spatial parameters reveal the peak density, texture strength
and dominant texture direction. Hybrid parameters describe the
slope gradients of a surface and their calculations, which are
based on local z-slopes. Functional parameters can characterize
bearing and ﬂuid retention properties of a surface.
3.4. Current understanding distinct features of human wear
particles
Wear particles in a healthy knee joint are usually small,
smooth, and have a simple structure. However, in osteoarthritic
joints, wear particles are chunky, rough, and complex in
structure [84]. The current understanding of the key features
of human wear particles and their correlation to knee joint
conditions are summarized as below.
The reported size of wear particles found in normal
and osteoarthritic human knee joints ranges from 0.54 mm
to 286.3 μm [82]. The mean size of wear particles in
osteoarthritic joints is larger than that in the healthy joint.
Small particles are the most abundant in healthy joints and
there are more large particles in osteoarthritic joints than in
healthy joints. The size of human wear particles inosteoarthritic synovial ﬂuid spreads wider than that in normal
synovial ﬂuid [99].
The shapes of human wear particles were numerically
characterized and correlated with osteoarthritis severities
[84]. Leaf-like wear particles are found in healthy knee joints.
Elongated and rod-shaped wear particles are most abundant in
knee joints with early stage OA. Irregular shaped and chunky
wear particles are found in knee joints with late OA. Osseous
wear particles can be found in osteoarthritic knee joints with
subchondral bone exposed. The quantitative analyses of the
shapes of wear particles were characterized using the area,
length, convexity, elongation, shape factor, and fractal dimen-
sion [84,99]. The numerical results reveal that the numerical
descriptors (the area, length and fractal dimension) showed a
smaller range of values obtained from healthy joints than the
same descriptors computed from particles found in knee joints
with OA. Wear particles found in osteoarthritic knee joints are
statistically longer and showed a large area. The boundary
fractal dimension is signiﬁcantly higher for wear particles
found in osteoarthritic knee joints in comparison to those from
healthy joints. The elongation factor is signiﬁcantly larger for
wear particles found in early OA than those in healthy knee
joint. Higher fractal dimensions and lower convexities are
found for wear particles in late OA knee joints than those in
early stage of OA.
The surface topographies of wear particles contain informa-
tion on particle formation [94] and the wear mechanism of the
knee joint [4]. Few studies have investigated their surface
topographies and their relation to osteoarthritis severity of the
human knee joint. These gaps are due to the limitations of
acquiring appropriate 3D surface data with high resolution, and
ineffective numerical descriptors on surface topography [98].
Height parameters have successfully been used to characterize
wear particles found in sheep knee synovial ﬂuid and correlate
to the joint conditions [39]. The surface anisotropy and
directionality of wear particles from healthy and osteoarthritic
joints have been successfully characterized using the Hurst
orientation transform method [101]. In the Hurst orientation
transform, all pairs of pixels in a circular region are searched to
reveal surface anisotropy. Furthermore, wear particle morphol-
ogy has been investigated on scale-invariant based on a
Partition Iterated Function System (PIFS), by providing full
information about the 3D surface topography wear particles
[98,102,103]. Feature parameters which are more diagnostic
and parameters of functional topographical features of surface
are not used in characterizing human wear particles.
The mechanical properties of wear particles such as Young’s
modulus, adhesion and friction, and their changes in the wear
processes were rarely studied although they could assist in
understanding the degradation processes and may be used in
OA assessment and diagnosis. This is mainly due to the lack of
a suitable wear particle preparation method, especially immo-
bilizing wear particles onto a substrate to prevent movement
during investigation. As reviewed in Section 3.1, developing a
particle separation and immobilization technique for AFM
investigation was a technical challenge for AFM measuring
wear particles in human knee joints.
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topographies, adhesion and Young’s moduli of wear particles
in their hydrated status [104]. It is a pilot study of AFM
applied to wear particles. The results revealed that Young’s
moduli of wear particles generally increased with OA progres-
sion. The adhesion showed a rising trend in the early stage of
OA. The ﬁndings may indicate that the mechanical properties
of wear particles may be used to aid assessing OA severity.
They also investigated the evolution of the nano-surface
topographies of human wear particles in their hydrated status.
It was found that selected numerical parameters are effective in
describing the changes in the surface features of the wear
particles at late OA grades may aid for OA assessment of a
severe OA condition. To further understand the effectiveness
of wear particles in revealing the wear condition of human
knee, the correlation of the mechanical properties and surface
topographies of wear particles was carried out with those of
human cartilages in osteoarthritis (OA) progression. They
provided preliminary results about their correlations and
evidence for further investigations. For the ﬁrst time, Young’s
moduli of human wear particles and their changes in OA
progression have been investigated. It is worthwhile to
mention that it is important to compare Young’s modulus
results of the particle and those of the cartilages under the same
measurement conditions.
3.5. Comparison of human wear particles and those of
polyethylene in artiﬁcial joints
Artiﬁcial joints are now widely served as a treatment to joint
diseases such as OA. Different bearing material combinations
have been used in making artiﬁcial joints. Ultra high molecular
weight polyethylene (UHMWPE) against cobalt–chromium is
the mostly used as the bearing material combination. However,
the major problem in artiﬁcial joints is loosening of the
prosthetic components due to wear [105]. Wear debris are
largely produced at the articulating surfaces. Different to wear
occurred to in human knees, metallic ions in artiﬁcial joints
may be produced in the process of corrosion.
Wear products in artiﬁcial joints may induce biological
reactions [106–108], such as irritation and the local accumula-
tion of macrophages and osteoclasts [109]. Some work
reported that particles in the size range of 0.1–1 mm were
the most biological active [107]. Nano-sized wear debris found
in artiﬁcial joints have been analyzed [110–112]. In contrast,
most studies investigating wear debris found in human knees
ranged at micrometer levels. The role of nano-sized particles
found in human knees should be investigated in future work.
3.6. Summary
Important features of wear particles, namely, particle con-
centration, size distribution, shape, surface morphology and
mechanical properties have been studied using available
techniques for understanding wear in the human knee. Current
studies focused on the micrometer-sized wear particles. In the
future, wear particles in a submicron size should also beinvestigated for understanding wear in the human knee. In
addition, biochemical analysis of wear particle components
may provide an insight into the breakdown of cartilage in the
wear progression of human knee and needs further research.
4. Studies of human knee synovial ﬂuid for OA assessment
4.1. Analysis of cytokines and wear particles in OA process
Inﬂammation of the synovial membrane/synovitis is one of
the main characteristics of OA even in early OA. Cytokines
may play an important role in OA [113]. Some cytokines can
inhibit production of the cartilage matrix and therefore
inﬂuence the balance between synthesis and degradation of
the tissue matrix [18]. Cytokines are grouped as being
anabolic, catabolic, anti-catabolic and modulatory, depending
on their activities on chondrocyte function at the articular
surface [114]. Anabolic cytokines act to promote the synthetic
activity and include insulin-like growth factor and transform-
ing growth factor β. Catabolic cytokines promote matrix
degrading and include interleukin-1 alpha and beta (IL-1α
and IL-1β), interleukin-6 (IL-6) and interleukin-8 (IL-8). Anti-
catabolic cytokines inhibit the activity of catabolic cytokines
and include interleukin-4 (IL-4), interleukin-10 (IL-10) and IL-
1 receptor antagonist (IL-1ra). Modulatory cytokines can
change the activity of other cytokines and include IL-11 [114].
IL-1 promotes the production of matrix metalloproteinases
(MMPs) and prevents the synthesis of cartilage and proteogly-
cans [115,116]. It is most effective in the superﬁcial layer
[115]. IL-6 is a pro-inﬂammatory cytokine and activates the
transcription of its target genes [18]. IL-6 arises from the
synovial lining [117]. The role of IL-6 in cartilage pathology is
unclear [13]. IL-8 promotes pathogenic processes including the
homing of mononuclear leukocytes into the synovium, pro-
motes the activation of these cells, induces synthesis of MMP-
13 in articular chondrocytes, and promotes chondrocyte
apoptosis and loss of proteoglycans [118].
The alteration of cytokines’ proﬁles is likely to reﬂect
inﬂammation [119]. Cytokines released from the inﬂamed
synovium contribute to further degradation in OA [18]. For
example, IL-1β suppresses the anabolic mechanism in the
cartilage by inhibiting the expression of type II collagen and
proteoglycans in chondrocytes. IL-6 has been reported to
inﬂuence the anabolic process in the cartilage by inhibiting
the expression of type II collagen. IL-6 suppresses the
synthesis of other inﬂammatory cytokines and causes hepatic
production of acute-phase proteins such as C-reactive protein
(CRP). Other pro-inﬂammatory cytokines such as IL-8 and
anti-inﬂammatory cytokines such as IL-4 and IL-10 play roles
in chondrocyte metabolism and the development of OA.
The levels of cytokines found in normal and osteoarthritic
human knee synovial ﬂuid change. For example, IL-1 exists in
the synovial ﬂuid and cartilage surface in OA [115]. IL-6
activity in synovial ﬂuid in OA patients has been reported
[18,120]. Elevated concentrations of IL-6 have been found in
OA patients [113]. MMPs promote breakdown of cartilage and
are involved in the progression of OA as MMPs are
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Higher levels of tumor necrosis factor alpha (TNF-α) receptors
were observed in osteoarthritic cartilage than in normal
cartilage [121]. However, few studies have been conducted
on the levels of other cytokines such as IL-2 and IL-8 in
relation to OA and whether their levels can reﬂect knee joint
conditions and the effectiveness of disease diagnosis.
Wear particles can trigger synovial inﬂammation in human
knees [19]. Few studies have studied the relationships between
the features of wear particles such as size, shape, surface
topography and stiffness with the severity of the inﬂammation
in the OA progression. As OA process involves metabolic,
biochemical and biomechanical factors [13], investigations of
the relationships between the features of wear particles and the
levels of cytokines in human knee synovial ﬂuid could provide
insights into the OA process.
The levels of IL-6 and IL-8 in osteoarthritic human knee
synovial ﬂuid were analyzed, and their relations with the
characteristics of wear particles were investigated [122]. It was
shown that the size, adhesion and nano-surface roughness of
wear particles had medium strong to strong correlations with
IL-6 and IL-8. These results indicated that the characteristics of
wear particles contain valuable information for grading the
disease process and there is the need for further evaluation of
the association of properties of wear particles and the
inﬂammatory process. To the authors’ knowledge, this was
the ﬁrst investigation to the relations between wear particles
and inﬂammation cytokines (IL-6 and IL-8) in OA process.
The ﬁndings in this study indicate that selected properties of
wear particles in human osteoarthritic knee joints may inﬂu-
ence the disease process.
OA is a complex process which involves mechanical,
biochemical and biological factors. IL-6 can result in destruc-
tion of knee joint and cartilage, while IL-8 could promote loss
of proteoglycans and recruitment of inﬂammatory cells to the
site of inﬂammation. Therefore, it can be seen that both IL-6
and IL-8 may contribute to the generation of wear particles. On
the other hand, particles might cause further damage to the
knee and facilitate further production of proinﬂammatory
cytokines. While human knee has a limited capability of repair
itself, damage to human knees accelerates. The interactions
between wear particles and cytokines could be complex and
further in vitro and animal studies are warranted to determine
their role in OA progression. In their study, it was demon-
strated that size of particles played an important role in the
level of IL-6 and IL-8 observed. The size of the wear particle
could also act as a possible indicator of the condition of the
human knee.
Collagen makes up 20% of cartilage in wet weight and
proteoglycan constitutes of 7%. As the wear products of the
articular cartilage, wear particles probably contain more content of
collagen than proteoglycans. Previous studies reported that IL-6
can inhibit the expression of type II collagen and IL-8 promotes
loss of proteoglycans. Therefore, wear particles may interact with
the cytokines in human knees, However, future analysis is required
to determine whether the composition of wear particles have an
effect on OA progression.As IL-6 and IL-8 were possibly directly involving in the
disease process and associated with the different characteristics
of the wear particles, it was observable that the properties of
wear particles may also inﬂuence the disease process and drive
the deterioration process causing damage to the knee [122]. IL-
6 is a pro-inﬂammatory cytokine secreted by macrophages that
promotes inﬂammatory changes in the synovium and caused
tissue damage. While IL-8 is a major chemotactic factor that
attracts more inﬂammatory cells to sites of inﬂammation.
Therefore, the larger, rougher and stiffer the particles were,
the more damage and higher production of cytokines there
would be in the early stages of OA.
It is believed that wear particles may be phagocytosed by
macrophages. Human macrophages are approximately 21 mm
in size. Production of IL-6 may induce proteolytic cleavage of
the knee joint tissue. Macrophages are usually the ﬁrst cells to
release IL-8 to attract other cells. In the process, the majority of
wear particles smaller than macrophages might be treated as
cellular debris or an aggregate by these cells. These wear
particles thus might be engulfed by the macrophages and may
stimulate the inﬂammatory response. There is also a possibility
that wear particles become involved in initiating a secondary
inﬂammatory process. The associations between the features of
wear particles (e.g., size, Sa and adhesion) and levels of IL-6
and IL-8 support the above model [122]. The progression of
OA features was, for the ﬁrst time, described using combined
information including the surface roughness and stiffness of
wear particles, and detectable levels of cytokines in synovial
ﬂuid as well as clinical symptoms [108]. Supporting existing
OA features (e.g., depletion of PGs and disruption of collagen
meshwork), new features using the properties of wear particles
and detectable levels of cytokines, and combined with clinical
symptoms can be revealed.
4.2. Analysis of biomarker in OA process
A biomarker is “objectively measured and evaluated as an
indicator of normal biologic processes, pathogenic processes,
or pharmacologic responses to a therapeutic intervention”
[123]. Molecular biomarkers can be involved in synthesis
and degradation, or are more inﬂammatory in nature.
Molecular biomarkers of cartilage metabolism can be used
to measure synthesis and breakdown of collagen and non-
collagen structures in cartilage [124,125]. Type II collagen and
aggrecan are the two main components of the cartilage matrix.
They are nearly speciﬁc to cartilage and thus have potential to
be used as biochemical markers [14]. This information is
useful for OA diagnosis, and for monitoring the disease or
prediction of its progression.
The procollagen type II C-propeptide (PIICP) and type IIA
collagen (PIIANP)/type IIB collagen (PIINP) are measure-
ments of the synthesis of type II collagen. They are good
indicators of cartilage synthesis. For example, higher levels of
PIICP were found in human knee synovial ﬂuid with OA
[124]. PIIANP was shown to correlate to chondrocytes in
human OA cartilage. The association between PIIANP levels
and synovial ﬂuid has not been established.
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of OA [124]. Biomarkers for the degradation of type II
collagen include the type II collagen C-telopeptide fragments
(CTX-II), type II collagen degradation (C2C)/urine C2C (u
C2C), Col CEQ (a marker of type II collagen degradation),
type II collagen helical peptide (Helix-II), type II collagen
neoepitope (uTIINE), and Coll-2-1/Coll-2-1 NO2. CTX-II and
Col CEQ levels were higher in OA synovial ﬂuid than those in
normal joints [124,126]. An increase of synovial ﬂuid uCTX-II
associated with a decrease in PIIANP could predict progres-
sion of OA [126]. C2C/u2C/C had no correlation with severity
of OA [124,127]. It remains to be investigated how Helix-II,
uTIINE and Coll-2-1/Coll-2-1 NO2 interact in the progression
of OA [124].
Non-collagen markers have also been used to assess OA
progression, including proteoglycans, chondroitin sulfate, keratan-
sulfate, markers of proteoglytic enzyme and non-collagenous and
non-proteoglycan glycoproteins [125]. Aggrecan, one of the main
components of proteoglycan, was shown to decrease in early OA.
MMPs may be responsible for the loss of aggrecan within cartilage
in severe, late-stage OA. Higher levels of three chondroitin sulfates
(7d4, 3b3 and cs846) were detected in OA synovial ﬂuid compared
to controls. Cartilage oligomeric matrix protein (COMP), one of
the non-collagenous, non-proteoglycan glycoproteins, increased in
early stage OA. The ratio of proteoglycan/cartilage COMP is
independent of ﬂuid volume and was higher in the OA joint [116].
Analysis of the COMP concentration in normal and diseased horse
joints suggested that the fragment pattern and the absolute COMP
concentration may be useful in monitoring joint diseases [128].
Other molecular structures found in synovial ﬂuid have been
investigated for prediction of knee OA. For example, synovial
ﬂuid osteoprotegerin (OPG) correlates with the severity of the
disease. A high level of OPG was related to the severity of the
primary knee OA [129]. The concentration of OPG/osteoclas-
togenesis inhibitory factor (OCIF) in synovial ﬂuid increased
with OA progression [130]. Osteopontin (OPN) may be used
as a biomarker to the progression of knee OA [131,132]. The
mean plasma OPN concentration was signiﬁcantly higher in
OA joints than those in healthy control ones [131]. OPN levels
in synovial ﬂuid from OA patients were higher than in healthy
controls [132]. OPN in synovial ﬂuid and articular cartilage
successfully correlated to OA progression in human knee
joints [132]. Endoglin in synovial ﬂuid was also associated
with knee OA severity [133]. However, although investigated,
the levels of serum transforming growth factor-beta 1 (TGF-
β1) [134] were not sensitive to status of knee OA. It has been
reported that P selectin, an adhesion molecule which can
mediate the rolling and adhesion between the endothelial and
the neutrophils, in synovial ﬂuid had signiﬁcant correlation to
the severity of OA [135]. Leukotriene B4 and prostaglandin E2
like activity levels in osteoarthritic synovial ﬂuid were higher
than in normal joints [136].
4.3. Summary
Cytokines released from the inﬂamed synovium were
investigated for OA study. It was found that changes in thelevels can reﬂect OA degradation. Recent ﬁndings indicated
that the larger, rougher and stiffer the particles were, the more
damage and higher production of cytokines there would be in
the early stages of OA. Wear particle found in human knee
joint may inﬂuence the concentrations of these cytokines. To
further understand OA process, a comprehensive study with
samples in the different OA grades collected from age matched
participants will enable the further understanding of the
association between the properties of wear particles and the
inﬂammatory changes they may participate in OA. Properties
of wear particle may be useful markers to not only grade OA
but also have prognostic value.
Biomarkers in synovial ﬂuid have a speciﬁc and sensitive
ability to present the abnormalities of the joint in monitoring
and diagnosing osteoarthritis. For example, assay of synovial
ﬂuid has a sensitivity of 84% and a speciﬁcity of 90% in
diagnosis of joint pathology [37]. However, it is rather
complicated [137]. The challenges in the use of biomarkers
as summarized below. Firstly, current biomarkers are not
sensitive enough to diagnose the status of degenerated joints
such as the levels of TGF-β1 [134,138]. Secondly, many
inﬂuential factors act on biomarkers, namely, liver and kidney
clearance, circadian rhythms, intestinal peristalsis, exercise
level, age, breed, diet, sex, drug administration, surgery, and
general anesthesia, making the assay very complex [5].
Further, sample collection and storage methods also impact
on the assay. In summary, the use of biomarkers in synovial
ﬂuid for the assessment of OA progression is complicated as
there are numerous biological factors that inﬂuence their
presence in the synovial ﬂuid and their sensitivity. The use
of biomarkers in the assessment of OA is in its infancy and
requires further investigation. A single biomarker for early
diagnosis of OA is insufﬁcient and a group of biomarkers may
be required [124].5. Conclusions and future work
Wear in the human knee is a main cause of OA. In the
process, knee joints suffer changes and functions such as
cartilage degradation, subchondral bone remodeling and
inﬂammation. Investigations to cartilage, synovial ﬂuid and
wear products found in human knee will assist further under-
standing of wear in human knees. OA is a disease involving
metabolic, biochemical and biomechanical factors. Investiga-
tions from these aspects will aid the changes to wear in human
knees. Also, it has been realized that OA starts at the
nanometer scale and therefore more work is required to
study the mechanical properties and surface morphologies in
this scale.References
[1] R. Drake, W. Vogl, A. Mitchell, et al., Gray’s Anatomy for Students,
Elsevier/Churchill Livingstone, Philadelphia, 2005.
[2] M. Freeman, Adult Articular Cartilage, Pitman Medical, 1979.
[3] E. Marieb, K. Hoehn, Human Anatomy & Physiology, Pearson Educa-
tion, 2007.
M.L. Wang, Z.X. Peng / Biosurface and Biotribology 1 (2015) 98–112110[4] D.C. Mears, E.N. Hanley, R. Rutkowski, et al., Ferrography: its
application to the study of human joint wear, Wear 50 (1) (1978)
112–115.
[5] D. Frisbie, Markers of osteoarthritis: implications for early diagnosis and
monitoring of pathological course and effects of therapy, in: WR Mike,
JD Sue (Eds.), Diagnosis and Management of Lameness in the Horse, W.
B. Saunders, Saint Louis, 2003, pp. 591–594.
[6] R. Moskowitz, R. Altman, J. Buckwalter, et al., Osteoarthritis: Diagnosis
and Medical/Surgical Management, Lippincott Williams & Wilkins,
2006.
[7] D. Felson, R. Lawrence, P. Dieppe, et al., Osteoarthritis: new insights.
Part 1: the disease and its risk factors, Ann. Intern. Med. 133 (2000)
635–646.
[8] R. Loeser, N. Shakoor, Aging or osteoarthritis: which is the problem?
Rheum Dis. Clin. N. Am. 29 (4) (2003) 653–674.
[9] D. Felson, An update on the pathogenesis and epidemiology of
osteoarthritis, Radiol. Clin. N. Am. 42 (1) (2004) 1–9 pp..
[10] M. Stolz, R. Gottardi, R. Raiteri, et al., Early detection of aging cartilage
and osteoarthritis in mice and patient samples using atomic force
microscopy, Nat. Nanotechnol. 4 (3) (2009) 186–192.
[11] J. Kellgren, J. Lawrence, Radiological assessment of osteo-arthrosis, Ann.
Rheum. Dis. 16 (4) (1957) 494–502.
[12] K. Brandt, P. Dieppe, E. Radin, Etiopathogenesis of osteoarthritis,
Rheum. Dis. Clin. N. Am. 34 (3) (2008) 531–559.
[13] J. Martel-Pelletier, C. Boileau, J.-P. Pelletier, et al., Cartilage in normal
and osteoarthritis conditions, Best Pract. Res. Clin. Rheumatol. 22 (2008)
351–384.
[14] P. Garnero, J. Rousseau, P. Delmas, Molecular basis and clinical use of
biochemical markers of bone, cartilage, and synovium in joint diseases,
Arthritis Rheum. 43 (5) (2000) 953–968.
[15] P. Garnero, Osteoarthritis: biological markers for the future?Joint Bone
Spine 69 (6) (2002) 525–530
[16] Bazian Ltd, Arthroscopic lavage for osteoarthritis of the knee, Evid.-
based Healthc. Public Health 9 (2005) 192–196.
[17] T. Boyer, V. Daumen-Legré, Contribution of arthroscopy and magnetic
resonance imaging to the evaluation of painful knee osteoarthritis, Joint
Bone Spine 67 (6) (2000) 504–508.
[18] A. Haseeb, T.M. Haqqi, Immunopathogenesis of osteoarthritis, Clin.
Immunol. 146 (3) (2013) 185–196.
[19] J. Ewing, Articular Cartilage and Knee Joint Function: Basic Science and
Arthroscopy, Raven Press, 1990.
[20] T. Aigner, L. McKenna, Molecular pathology and pathobiology of
osteoarthritic cartilage, Cell. Mol. Life Sci. 59 (1) (2002) 5–18.
[21] M. Freeman, Adult Articular Cartilage, Grune & Stratton, 1974.
[22] M. Nordin, V.H. Frankel, Basic Biomechanics of the Musculoskeletal
System, Wolters Kluwer Health, 2001.
[23] L.T. Brody, Knee osteoarthritis: clinical connections to articular cartilage
structure and function, Phys. Ther. Sport (2015)http://dx.doi.org/10.1016/
j.ptsp.2014.12.001 (in press).
[24] E. Kheir, D. Shaw, Hyaline articular cartilage, Orthop. Trauma 23 (6)
(2009) 450–455.
[25] A.J.S. Fox, A. Bedi, S.A. Rodeo, The basic science of articular cartilage:
structure, composition, and function, Sports Health: Multidiscip.
Approach 1 (6) (2009) 461–468.
[26] D. Heinegård, P. Lorenzo, P. Önnerfjord, et al., Patrik 5 – articular
cartilage, in: M.C.H.J.S.S.S.E.W.H. Weisman, Rheumatology, sixth
edition, Editor, Philadelphia, 2015, pp. 33–41.
[27] X. Houard, M.B. Goldring, F. Berenbaum, Homeostatic mechanisms in
articular cartilage and role of inﬂammation in osteoarthritis, Curr.
Rheumatol. Rep. 15 (11) (2013) 1–10.
[28] L. McCann, E. Ingham, Z. Jin, et al., An investigation of the effect of
conformity of knee hemiarthroplasty designs on contact stress, friction
and degeneration of articular cartilage: a tribological study, J. Biomech.
42 (9) (2009) 1326–1331.
[29] L. McCann, E. Ingham, Z. Jin, et al., Inﬂuence of the meniscus on friction
and degradation of cartilage in the natural knee joint, Osteoarthr. Cartil.
17 (8) (2009) 995–1000.[30] K. Brandt, P. Dieppe, E. Radin, Commentary: is it useful to subset
primary osteoarthritis? A critique based on evidence regarding the
etiopathogenesis of osteoarthritis, Semin. Arthritis Rheum. 39 (2009)
81–95.
[31] W. Kean, R. Kean, W. Buchanan, Osteoarthritis: symptoms, signs and
source of pain, Inﬂammopharmacology 12 (1) (2004) 3–31.
[32] G. Verberne, A. Schroeder, G. Halperin, et al., Liposomes as potential
biolubricant additives for wear reduction in human synovial joints, Wear
268 (2010) 1037–1042.
[33] D. Wilson, E. Mc Walter, J. Johnston, The measurement of joint
mechanics and their role in osteoarthritis genesis and progression, Med.
Clin. N. Am. 93 (1) (2009) 67–82.
[34] T. Aigner, N. Schmitz, J. Haag, Nanomedicine: AFM tackles osteoar-
thritis, Nat. Nanotechnol. 4 (3) (2009) 144–145.
[35] A. Shane Anderson, R.F. Loeser, Why is osteoarthritis an age-related
disease?, Best Pract Res. Clin. Rheumatol. 24 (1) (2010) 15–26.
[36] Y. Ishimoto, K. Hattori, H. Ohgushi, et al., Spectrocolorimetric evalua-
tion of human articular cartilage, Osteoarthr. Cartil. 17 (2009)
1204–1208.
[37] L.S. Lohmander, Markers of cartilage matrix metabolism in osteoarthritis,
Osteoarthr. Cartil. 1 (1) (1993) 22.
[38] S.L. Graindorge, G.W. Stachowiak, Changes occurring in the surface
morphology of articular cartilage during wear, Wear 241 (2) (2000)
143–150.
[39] Z. Peng, Osteoarthritis diagnosis using wear particle analysis technique:
investigation of correlation between particle and cartilage surface in
walking process, Wear 262 (5–6) (2007) 630–640.
[40] W. Bae, M. Temple, D. Amiel, et al., Indentation testing of human
cartilage: sensitivity to articular surface degeneration, Arthritis Rheum. 48
(2003) 3382–3394.
[41] R. Hori, L. Mockros, Indentation tests of human articular cartilage, J.
Biomech. 9 (4) (1976) 259–268.
[42] T. Lyyra, J. Jurvelin, P. Pitkänen, et al., Indentation instrument for the
measurement of cartilage stiffness under arthroscopic control, Med. Eng.
Phys. 17 (1995) 395–399.
[43] J. Jurvelin, I. Kiviranta, A.M. Säämänen, et al., Indentation stiffness of
young canine knee articular cartilage—inﬂuence of strenuous joint
loading, J. Biomech. 23 (12) (1990) 1239–1246.
[44] P. Kiviranta, E. Lammentausta, J. Töyräs, et al., Indentation diagnostics
of cartilage degeneration, Osteoarthr. Cartil. 16 (2008) 796–804.
[45] W.C. Bae, C.W. Lewis, M.E. Levenston, et al., Indentation testing of
human articular cartilage: effects of probe tip geometry and indentation
depth on intra-tissue strain, J. Biomech. 39 (6) (2006) 1039–1047.
[46] C. Brown, R. Crawford, A. Oloyede, Indentation stiffness does not
discriminate between normal and degraded articular cartilage, Clin.
Biomech. 22 (7) (2007) 843–848.
[47] R.K. Korhonen, M.S. Laasanen, J. Töyräs, et al., Comparison of the
equilibrium response of articular cartilage in unconﬁned compression,
conﬁned compression and indentation, J. Biomech. 35 (7) (2002)
903–909.
[48] K. Hu, P. Radhakrishnan, R.V. Patel, et al., Regional structural and
viscoelastic properties of ﬁbrocartilage upon dynamic nanoindentation of
the articular condyle, J. Struct. Biol. 136 (1) (2001) 46–52.
[49] S. Tomkoria, R.V. Patel, J.J. Mao, Heterogeneous nanomechanical
properties of superﬁcial and zonal regions of articular cartilage of the
rabbit proximal radius condyle by atomic force microscopy, Med. Eng.
Phys. 26 (10) (2004) 815–822.
[50] M. Wang, Z. Peng, J.A. Watson, et al., Nanoscale study of cartilage
surfaces using atomic force microscopy, Proc. Inst. Mech. Eng. Part H
226 (12) (2012) 899–910.
[51] C.Y. Wen, C.B. Wu, B. Tang, et al., Collagen ﬁbril stiffening in
osteoarthritic cartilage of human beings revealed by atomic force
microscopy, Osteoarthr. Cartil. 20 (8) (2012) 916–922.
[52] M. Wang, Z. Peng, J. Price, et al., Study of nano-mechanicalproperties of
human knee cartilage in different wear conditions, Wear 301 (2013)
188–191.
[53] M. Stolz, R. Raiteri, A. Daniels, et al., Dynamic elastic modulus of
porcine articular cartilage determined at two different levels of tissue
M.L. Wang, Z.X. Peng / Biosurface and Biotribology 1 (2015) 98–112 111organization by indentation-type atomic force microscopy, Biophys. J. 86
(2004) 3269–3283.
[54] R.S. Adler, D.K. Dedrick, T.J. Laing, et al., Quantitative assessment of
cartilage surface roughness in osteoarthritis using high frequency ultra-
sound, Ultrasound Med. Biol. 18 (1992) 51–58.
[55] D. Dirksen, U. Stratmann, J. Kleinheinz, et al., Three-dimensional
visualization and quantiﬁcation of the mandibular articular surface by
optical proﬁlometry, Cells Tissues Organs 164 (1999) 212–220.
[56] V.K. Shekhawat, M.P. Laurent, C. Muehleman, et al., Surface topography
of viable articular cartilage measured with scanning white light inter-
ferometry, Osteoarthr. Cartil. 17 (2009) 1197–1203.
[57] T. Aigner, M. Hemmel, D. Neureiter, et al., Apoptotic cell death is not a
widespread phenomenon in normal aging and osteoarthritic human
articular knee cartilage: a study of proliferation, programmed cell death
(apoptosis), and viability of chondrocytes in normal and osteoarthritic
human knee cartilage, Arthritis Rheum. 44 (6) (2001) 1304–1312.
[58] Y. Tian, J. Wang, Z. Peng, et al., Numerical analysis of cartilage surfaces
for osteoarthritis diagnosis using ﬁeld and feature parameters, Wear 271
(2011) 2370–2378.
[59] M. Wang, Z. Peng, J. Wang, et al., Wear characterisation of articular
cartilage surfaces at a nano-scale using atomic force microscopy, Tribol.
Int. 63 (2013) 235–242.
[60] ISO 25178-2, Geometrical Product Speciﬁcations (GPS)-Surface Texture:
Areal—Part 2: Terms, Deﬁnitions and Surface Texture Parameters, 2006.
[61] L. Blunt, X. Jiang, Advanced Techniques for Assessment Surface
Topography: Development of a Basis for 3D Surface Texture Standards
“Surfstand”, Butterworth-Heinemann, 2003.
[62] Y. Tian, Z. Peng, D. Gorton, et al., Osteoarthritis assessment using
immunohistochemical analysis of structural changes in collagen, Proc.
Inst. Mech. Eng. Part H 225 (2011) 680–687.
[63] S. Tummala, A.-C. Bay-Jensen, M.A. Karsdal, et al., Diagnosis of
osteoarthritis by cartilage surface smoothness quantiﬁed automatically
from knee MRI, Cartilage 2 (2011) 50–59.
[64] M. Uhl, C. Ihling, K. Allmann, et al., Human articular cartilage: in vitro
correlation of MRI and histologic ﬁndings, Eur. Radiol. 8 (1998)
1123–1129.
[65] A.A. Kshirsagar, P.J. Watson, J.A. Tyler, et al., Measurement of localized
cartilage volume and thickness of human knee joints by computer
analysis of three-dimensional magnetic resonance images, Invest. Radiol.
33 (1998) 289–299.
[66] S. Faber, F. Eckstein, S. Lukasz, et al., Gender differences in knee joint
cartilage thickness, volume and articular surface areas: assessment with
quantitative three-dimensional MR imaging, Skelet. Radiol. 30 (2001)
144–150.
[67] Z.A. Cohen, D.M. McCarthy, S.D. Kwak, et al., Knee cartilage
topography, thickness, and contact areas from MRI: in-vitro calibration
and in-vivo measurements, Osteoarthr. Cartil. 7 (1999) 95–109.
[68] G.E. Gold, C.A. Chen, S. Koo, et al., Recent advances in MRI of articular
cartilage, Am. J. Roentgenol. 193 (2009) 628–638.
[69] R.J. Buck, B.T. Wyman, L. Graverand, et al., An efﬁcient subset of
morphological measures for articular cartilage in the healthy and diseased
human knee, Magn. Reson. Med. 63 (2010) 680–690.
[70] F.R. Noyes, C.L. Stabler, A system for grading articular cartilage lesions
at arthroscopy, Am. J. Sports Med. 17 (4) (1989) 505–513.
[71] A. Johansson, et al., Spectroscopic measurement of cartilage thickness in
arthroscopy: ex vivo validation in human knee condyles, Arthrosc.: J.
Arthrosc. Relat. Surg. 28 (10) (2012) 1513–1523.
[72] Y. Lu, et al., Effect of bipolar radiofrequency energy on human articular
cartilage: comparison of confocal laser microsopy and light microscopy,
Arthrosc.: J. Arthrosc. Relat. Surg. 17 (2) (2001) 117–123.
[73] T.M. Quinn, E.B. Hunziker, H.-J. Häuselmann, Variation of cell and
matrix morphologies in articular cartilage among locations in the adult
human knee, Osteoarthr. Cartil. 13 (8) (2005) 672–678.
[74] H. Alhadlaq, Y. Xia, J. Moody, et al., Detecting structural changes in
early experimental osteoarthritis of tibial cartilage by microscopic
magnetic resonance imaging and polarised light microscopy, Ann.
Rheum. Dis. 63 (2004) 709–717.[75] A. Ryniewicz, A. Ryniewicz, W. Ryniewicz, et al., Measurements of
surface layer of the articular cartilage using microscopic techniques, J.
Phys. Conf. Ser. 238 (2010) 1–6.
[76] R. Imer, T. Akiyama, N.F. de Rooij, et al., The measurement of
biomechanical properties of porcine articular cartilage using atomic force
microscopy, Arch. Histol. Cytol. 72 (2009) 251–259.
[77] J. Jurvelin, D. Muller, M. Wong, et al., Surface and subsurface
morphology of bovine humeral articular cartilage as assessed by atomic
force and transmission electron microscopy, J. Struct. Biol. 117 (1996)
45–54.
[78] D. Ebenstein, L. Pruitt, Nanoindentation of soft hydrated materials for
application to vascular tissues, J. Biomed. Mater. Res. A 69 (2) (2004)
222–232.
[79] S.A. Hacker, R.M. Healey, M. Yoshioka, et al., A methodology for the
quantitative assessment of articular cartilage histomorphometry,
Osteoarthr. Cartil. 5 (1997) 343–355.
[80] Z. Peng, M. Wang, Three dimensional surface characterization of human
cartilages at a micron and nanometre scale, Wear 301 (2013) 210–217.
[81] Z. Peng, J.C. Baena, M. Wang, Investigations of micron and submicron
wear features of diseased human cartilage surfaces, Proc. Inst. Mech. Eng.
Part H 229 (2) (2015) 164–174.
[82] P. Podsiadlo, M. Kuster, G. Stachowiak, Numerical analysis of wear
particles from non-arthritic and osteoarthritic human knee joints, Wear
210 (1997) 318–325.
[83] C.H. Evans, E.R. Bowen, J. Bowen, et al., Synovial ﬂuid analysis by
ferrography, J. Biochem. Biophys. Methods 2 (1980) 11–18.
[84] M. Kuster, P. Podsiadlo, G. Stachowiak, Shape of wear particles found in
human knee joints and their relationship to osteoarthritis, Rheumatology
37 (1998) 978–984.
[85] D. Mears, E. Hanley, R. Rutkowski, et al., Ferrographic analysis of wear
particles in arthroplastic joints, J. Biomed. Mater. Res. 12 (1978)
867–875.
[86] C.H. Evans, D.C. Mears, J.L. Mcknight, A preliminary ferrographic
survey of the wear particles in human synovial ﬂuid, Arthritis Rheum. 24
(7) (1981) 912–918.
[87] C. Evans, D. Mears, C. Stanitski, Ferrographic analysis of wear in human
joints. Evaluation by comparison with arthroscopic examination of
symptomatic knees, J. Bone Joint Surg. Br. 64 (5) (1982) 572–578.
[88] C.H. Evans, Application of ferrography to the study of wear and arthritis
in human joints, Wear 90 (2) (1983) 281–292.
[89] T.B. Kirk, Wear in synovial joints, Department of Mechanical Engineer-
ing. The University of Western Australia, Australia, 1992 (Ph.D. thesis).
[90] K. Mendel, N. Eliaz, I. Benhar, et al., Magnetic isolation of particles
suspended in synovial ﬂuid for diagnostics of natural joint chondropa-
thies, Acta Biomater. 6 (2010) 4430–4438.
[91] K. Hakshur, I. Benhar, Y. Bar-Ziv, et al., The effect of hyaluronan
injections into human knees on the number of bone and cartilage wear
particles captured by bio-ferrography, Acta Biomater. 7 (2011) 848–857.
[92] Z. Peng, T.B. Kirk, Z.L. Xu, The development of three-dimensional
imaging techniques of wear particle analysis, Wear 203–204 (1997)
418–424.
[93] L.G. Gladkis, H. Timmers, J.M. Scarvell, et al., Detailed three-
dimensional size and shape characterisation of UHMWPE wear debris,
Wear 270 (2011) 455–463.
[94] Y. Tian, J. Wang, Z. Peng, et al., A new approach to numerical
characterisation of wear particle surfaces in three-dimensions for wear
study, Wear 282–283 (2012) 59–68.
[95] D.N. Nikova, L.H. Pope, M.L. Bennink, et al., Unexpected binding
motifs for subnucleosomal particles revealed by atomic force microscopy,
Biophys. J. 87 (2004) 4135–4145.
[96] H. Chen, Puriﬁcation of the recombinant hepatitis B virus core antigen
(rHBcAg) produced in the yeast Saccharomyces cerevisiae and compara-
tive observation of its particles by transmission electron microscopy
(TEM) and atomic force microscopy (AFM), Micron 35 (2004) 311–318.
[97] M. Wang, Z. Peng, K. Vasilev, et al., Investigation of wear particles
generated in human knee joints using atomic force microscopy, Tribol.
Lett. 51 (2013) 161–170.
M.L. Wang, Z.X. Peng / Biosurface and Biotribology 1 (2015) 98–112112[98] G.W. Stachowiak, P. Podsiadlo, Surface characterization of wear
particles, Wear 225–229 (1999) 1171–1185.
[99] Z.-G. Zha, C.-C. Yao, M. Tu, et al., Correlation of the size and shape of
the solid particles in synovial ﬂuid and knee joint disease, Curr. Appl.
Phys. 7 (2007) 112–115.
[100] X. Jiang, P. Scott, D. Whitehouse, et al., Paradigm shifts in surface
metrology. Part I. Historical philosophy, Proc. R. Soc. A—Math. Phys.
Eng. Sci. 463 (2007) 2049–2070.
[101] P. Podsiadlo, G.W. Stachowiak, Applications of Hurst orientation
transform to the characterization of surface anisotropy, Tribol. Int. 32
(1999) 387–392.
[102] P. Podsiadlo, G.W. Stachowiak, Scale-invariant analysis of wear particle
surface morphology: II. Fractal dimension, Wear 242 (1–2) (2000)
180–188.
[103] P. Podsiadlo, G.W. Stachowiak, Scale-invariant analysis of wear particle
surface morphology I: theoretical background, computer implementation
and technique testing, Wear 242 (1–2) (2000) 160–179.
[104] M. Wang, Z. Peng, Investigation of the nano-mechanical properties and
surface topographies of wear particles and human knee cartilages, Wear
324 (2015) 74–79.
[105] Z. Zhou, Z. Jin, Biotribology: recent progresses and future perspectives,
Biosurf. Biotribol. 1 (1) (2015) 3–24.
[106] P. Ellison, J.L. Tipper, L.M. Jennings, et al., Biological activity of
polyethylene wear debris produced in the patellofemoral joint, Proc.
Inst. Mech. Eng. Part H 226 (5) (2012) 377–383.
[107] Y. Nakanishi, H. Hidehiko, H. Miura, et al., Nano-level surface on Co–
Cr–Mo alloy to inhibit macrophage activation in artiﬁcial joint, Bone
Joint J. Orthop. Proc. Suppl. 95 (Suppl. 34) (2013) S447.
[108] J.P. Kretzer, J. Reinders, R. Sonntag, et al., Wear in total knee
arthroplasty—just a question of polyethylene?, Int Orthop. 38 (2) (2014)
335–340.
[109] J. Linden, Translational medicine: longer life for artiﬁcial joints, Nature
487 (7406) (2012) 179–180.
[110] A. Liu, E. Ingham, J. Fisher, et al., Generation of a large volume of
clinically relevant nanometre-sized ultra-high-molecular-weight poly-
ethylene wear particles for cell culture studies, Proc. Inst. Mech. Eng.
Part H 228 (4) (2014) 418–426.
[111] J. Wu, Z. Peng, J. Tipper, Mechanical properties and three-dimensional
topological characterisation of micron, submicron and nanoparticles
from artiﬁcial joints, Tribol. Lett. 52 (3) (2013) 449–460.
[112] A. Liu, L. Richards, C.L. Bladen, et al., The biological response to
nanometre-sized polymer particles, Acta Biomater. (2015)http://dx.doi.
org/10.1016/j.actbio.2015.05.016 (in press).
[113] A.I. Tsuchida, M. Beekhuizen, M. Rutgers, et al., Interleukin-6 is
elevated in synovial ﬂuid of patients with focal cartilage defects and
stimulates cartilage matrix production in an in vitro regeneration model,
Arthritis Res. Ther. 6 (2012) 1–12.
[114] C.T. Vangsness Jr., W.S. Burke, R.D. MacPhee, et al., Human knee
synovial ﬂuid cytokines correlated with grade of knee osteoarthritis,
Bull. NYU Hosp. Joint Dis. 69 (2011) 122–127.
[115] X. Chevalier, Upregulation of enzymatic activity by interleukin-1 in
osteoarthritis, Biomed. Pharmacother. 51 (1997) 58–62.
[116] I. Petersson, T. Saxne, B. Svensson, et al., Cartilage markers in synovial
ﬂuid and early diagnosis of knee joint osteoarthritis, Osteoarthr. Cartil. 1
(1) (1993) 21–22.
[117] F. Doss, J. Menard, M. Hauschild, et al., Elevated IL-6 levels in the
synovial ﬂuid of osteoarthritis patients stem from plasma cells, Scand. J.
Rheumatol. 36 (2007) 136–139.
[118] K. Chaufﬁer, M.-C. Laiguillon, C. Bougault, et al., Induction of the
chemokine IL-8/Kc by the articular cartilage: possible inﬂuence on
osteoarthritis, Joint Bone Spine 79 (2012) 604–609.
[119] G. Livshits, G. Zhai, D.J. Hart, et al., Interleukin‐6 is a signiﬁcant
predictor of radiographic knee osteoarthritis: the Chingford study,
Arthritis Rheum. 60 (2009) 2037–2045.[120] L. Punzi, F. Oliviero, R. Ramonda, et al., Laboratory ﬁndings in
osteoarthritis, Semin. Arthritis Rheum. 34 (2004) 58–61.
[121] C. Westacott, R. Atkins, G. Langkamer, et al., Detection of the TNF
[alpha] receptors on human chondrocytes by ﬂow cytometry, Osteoarthr.
Cartil. 1 (1) (1993) 34–35.
[122] M. Wang, N. Ketheesan, Z. Peng, Investigations of wear particles and
selected cytokines in human osteoarthritic knee joints, Proc. Inst. Mech.
Eng. Part H 228 (11) (2014) 1176–1182.
[123] M. Attur, S. Krasnokutsky-Samuels, J. Samuels, et al., Prognostic
biomarkers in osteoarthritis, Curr. Opin. Rheumatol. 25 (2013) 136–144.
[124] E.R. Garvican, A. Vaughan-Thomas, J.F. Innes, et al., Biomarkers of
cartilage turnover. Part 1: markers of collagen degradation and synth-
esis, Vet. J. 185 (1) (2010) 36–42.
[125] E.R. Garvican, A. Vaughan-Thomas, P.D. Clegg, et al., Biomarkers of
cartilage turnover. Part 2: non-collagenous markers, Vet. J. 185 (1)
(2010) 43–49.
[126] P. Garnero, M. Piperno, E. Gineyts, et al., Cross sectional evaluation of
biochemical markers of bone, cartilage, and synovial tissue metabolism
in patients with knee osteoarthritis: relations with disease activity and
joint damage, Ann. Rheum. Dis. 60 (2001) 619–626.
[127] S.A. Mazzuca, A.R. Poole, K.D. Brandt, et al., Associations between
joint space narrowing and molecular markers of collagen and proteo-
glycan turnover in patients with knee osteoarthritis, J. Rheumatol. 33 (6)
(2006) 1147–1151.
[128] K. Misumi, V. Vilim, P.D. Clegg, et al., Measurement of cartilage
oligomeric matrix protein (COMP) in normal and diseased equine
synovial ﬂuids, Osteoarthr. Cartil. 9 (2001) 119–127.
[129] A. Pilichou, I. Papassotiriou, K. Michalakakou, et al., High levels of
synovial ﬂuid osteoprotegerin (OPG) and increased serum ratio of
receptor activator of nuclear factor-[kappa]B ligand (RANKL) to OPG
correlate with disease severity in patients with primary knee osteoar-
thritis, Clin. Biochem. 41 (2008) 746–749.
[130] M. Takemura, A. Harada, M. Mizuno, et al., Preliminary report:
Relationship between osteoprotegerin/osteoclastogenesis inhibitory fac-
tor concentration in synovial ﬂuid and disease severity in individuals
with osteoarthritis of the knee, Metabolism 50 (2001) 1–2.
[131] S. Honsawek, A. Tanavalee, M. Sakdinakiattikoon, et al., Correlation of
plasma and synovial ﬂuid osteopontin with disease severity in knee
osteoarthritis, Clin. Biochem. 42 (2009) 808–812.
[132] S.G. Gao, K.H. Li, K.B. Zeng, et al., Elevated osteopontin level of
synovial ﬂuid and articular cartilage is associated with disease severity
in knee osteoarthritis patients, Osteoarthr. Cartil. 18 (2010) 82–87.
[133] S. Honsawek, A. Tanavalee, P. Yuktanandana, Elevated circulating and
synovial ﬂuid endoglin are associated with primary knee osteoarthritis
severity, Arch. Med. Res. 40 (2009) 590–5994.
[134] A.E. Nelson, Y.M. Golightly, V.B. Kraus, et al., Serum transforming
growth factor-beta 1 is not a robust biomarker of incident and
progressive radiographic osteoarthritis at the hip and knee: the Johnston
County Osteoarthritis Project, Osteoarthr. Cartil. 18 (2010) 825–829.
[135] T. Cheng, F.-F. Li, S. Zhao, et al., Soluble P selectin in synovial ﬂuid
level is correlated with the radiographic severity of knee osteoarthritis,
Clin. Chim. Acta 411 (2010) 1529–1531.
[136] O.S. Atik, Leukotriene B4 and prostaglandin E2-like activity in synovial
ﬂuid in osteoarthritis, Prostaglandins, Leukot. Essent. Fat. Acids 39
(1990) 253–254.
[137] D.T. Felson, L.S. Lohmander, Whither osteoarthritis biomarkers?,
Osteoarthr Cartil. 17 (2009) 419–422.
[138] A.E. Nelson, F. Fang, X.A. Shi, et al., Failure of serum transforming
growth factor-beta (TGF-[beta]1) as a biomarker of radiographic
osteoarthritis at the knee and hip: a cross-sectional analysis in the
Johnston County Osteoarthritis Project, Osteoarthr. Cartil. 17 (2009)
772–776.
